A method has been developed to calculate the dielectric tensor in a toroidal plasma from a distribution function represented numerically by a discrete set of orbit invariants. Assuming a locally homogeneous plasma, parasitic α-particle absorption of the fast magnetosonic wave is studied for different orbit widths in JETlike scenarios. In addition, the beneficial effect observed in JET of introducing a small 3 He concentration in second harmonic tritium heating scenarios is studied.
Introduction
Ion cyclotron resonance absorption by the fast magnetosonic wave is a well established method to heat plasmas in thermonuclear fusion experiments. Calculations of such heating scenarios involve solving both the Fokker-Planck equation and the wave equation coupled into a non-linear set of partial differential equations. A method has been developed for approximately solving these equations in an iterative manner for minority ions by connecting a Fokker-Planck code to a full wave code via the dielectric tensor. As a first step, using only one iteration, the method has been applied to on axis second harmonic tritium heating of a JET-like DT plasma. First, the parasitic absorption by the fusion created α-particles is studied. α-particles will absorb power far out from the center resulting in lost particles. Secondly, the beneficial effect of a small concentration of 3 He is studied. The 3 He peak the power deposition in the center and transfer the power to the background ions through collisions.
As previously addressed by Refs. [1, 2, 3] , the presence of α-particles could inhibit efficient current drive or central heating with the fast wave. In particular when ω ≈ 2Ω T on the magnetic axis, the ω = 2Ω α resonance could appear near the plasma boundary on the low field side of the torus where parasitic absorption of global fast wave eigenmodes may take place. The analysis in Ref. [1] of this scenario assumed Maxwellian distribution of the α-particles and an arbitrary density profile, but a more evolved model is needed since the absorption depends critically on the density and velocity distribution of the α-particles near the plasma boundary. Since the high energy particle drift orbits are wide, i.e. the gyro centers make large excursions from the flux surfaces, they are not only able to interact with the RF-field on the flux surface where they are born, but everywhere along the orbit where the resonance condition is satisfied. To study the effect of wide orbits for the fast wave, the distribution of α-particles is calculated with the orbit averaging Monte Carlo code FIDO [4, 5] . The contribution of that distribution to the dielectric tensor is implemented in the toroidal full wave code LION [6, 7] , calculating the global fast wave absorption from the anti-Hermitian part of the dielectric tensor.
Secondly, the effect of a small concentration of 3 He for the performance of on axis second harmonic tritium heating is studied for different orbit widths by varying the toroidal current. By using the dielectric contribution calculated from a steady state RFheated minority distribution of 3 He, the effects of the finite orbit widths, the RF driven high energy tail and RF induced spatial diffusion are included. Previously a Maxwellian distribution function in v and a general distribution function in v ⊥ have been treated self-consistently in 1D [8] , and in 2D for lower hybrid current drive [9] . The model presented below uses a general distribution function in v and v ⊥ and a calculated 2D density.
Physical Model
The Monte Carlo code FIDO, solving the orbit averaged quasilinear Fokker-Planck equation, is first used to compute an approximative steady state α-particle distribution in a toroidal equilibrium. In the code, the different RF interactions are assumed to be decorrelated. This can either be caused by collisions or a non-linear wave-particle interaction [10, 11] . However, the condition becomes increasingly harder to satisfy as the particle energy increases. For simplicity a circular cross-sections without Shafranov shift is chosen. The fusion born α-particles are created with a kinetic energy of 3.5 MeV and a density profile given by the reaction rate, which is determined by the density and temperature profiles of the deuterium and tritium. In the calculations of the velocity distribution of the α-particles self-collisions and wave-particle interaction are neglected. Since the FIDO code does not model anomalous transport and thermalised particles do not essentially contribute to the absorption, the α-particles are removed from the simulation after one central slowing down time t s = 1.1 s.
The orbit averaging maps a particle orbit in phase space (r, v) to a point in invariant space (Ẽ, Λ,P φ ), referred to as a test particle. The orbit invariants are given bỹ
where Ψ denotes the flux function. The Monte Carlo solution to the orbit averaged Fokker-Planck equation is a sum of Dirac functions
where N denotes the number of test particles in the simulation and J the Jacobian. The drift orbit corresponding to a triple of invariants is given by the functionr
as a curve in the 4D phase space. The curve is parametrised by the time 0 τ 1, which is normalized with the poloidal drift orbit period. For each test particle, the corresponding orbit is traced in phase space and its contribution is added to the distribution function f (r, v) using a finite elements representation in the radius r, the poloidal angle θ and the velocities v and v ⊥ .
The linear response of the plasma to an electromagnetic wave is described by the dielectric tensor . By assuming a locally homogeneous plasma and a local wave-particle interaction, the dielectric tensor is reduced to an integral in velocity over the distribution function and its velocity derivatives, as given by equation 3.71 in Ref. [12] . Analytical expressions can be found only for special distributions, e.g. Maxwellians distributions. The dielectric tensor contribution from the α-particles is evaluated locally in every spatial mesh point by numerical integration over the velocity space of the distribution function f (r, v) for n = −2, . . . , 2 in equation 3.71 in Ref. [12] , fully including finite Larmor radius effects and using k ⊥ from the fast wave dispersion relation.
The absorption of the wave by the α-particles is given by the global wave equation
where j a is the antenna current. Equation (6) is solved with the LION code for the fast magneto-sonic wave field. The calculation includes the contribution from the numerically calculated α-particle distribution function χ α in the dielectric tensor
and uses analytical expressions for the Maxwellian distributions for the other tensor terms. For the analytical tensor terms χ e , χ D and χ T , parametrised density profiles are used, while for the α-particle contribution, a 2D density given by the distribution function f (r) = dvf (r, v) is used. Since the time scale for the evolution of the distribution function is much longer than the corresponding time scale for the wave field, the distribution function could be regarded static, while solving the wave equation. The accuracy of the scheme is tested by comparing the flux surface integrated power deposition profile obtained with the LION code using the analytical dielectric tensor for a Maxwellian and the dielectric tensor calculated from a Maxwellian distribution in the FIDO code. The result is shown in figure 1 . The difference is explained by that the resolution of the analytical tensor used within the LION code is 120 × 120 in r and θ, whereas the resolution of the dielectric tensor calculated from the FIDO code is 10 × 30 in r and θ.
Results of the α-particle Simulations
To isolate the effect of the finite orbit width, a scenario with a plasma current of I = 1 MA and rather wide orbits is compared with a scenario with a plasma current of I = 8 MA and thinner orbits. The other parameters, given in table 1, are chosen in the range of plasma parameters obtained in JET. The normalized minor radius r/a is used in the profile parametrisation. The volume averaged concentration of α-particles is 0.24% for the former scenario and 0.27% for the latter. The difference is caused by higher orbit losses in the low current scenario. The flux surface integrated power resonance on the high field side. A slight displacement towards the center of the absorption can be observed as an effect of the broader orbits. The bump around r = 1.2 m of the absorption for the high current scenario is due to interaction with the shear Alfvén wave resulting in a resonance absorption through cyclotron interactions with the α-particles. The shear Alfvén wave is neither properly described by the model nor numerically resolved in the calculations. The bump is not seen in the low current case, since the losses are larger and hence the α-particle density at the edge is lower.
The scenarios ω/2π = 36, 37.5 MHz in figures 4-5 are fast wave current drive scenarios with both ω = Ω α and ω = 2Ω T at the high field side. The effect of the absorption by the different orbit widths is less pronounced in figure 4 than the dependencies on the orbit widths shown in figure 3 . The absorption on the α-particles is decreased in the case of wide orbits, compared to the case of thin orbits, as seen to the right in the figure. Increasing the frequency results in that the second harmonic resonance of α-particles and deuterium enters the plasma from the low field side. For ω/2π = 37.5 MHz they are barely inside the plasma represented with a dashed vertical line in figure 5 . In this scenario an increase and a displacement towards the center of the α-particle absorption can be observed for the wide orbits. The second harmonic α-particle absorption is small compared to the resonance absorption through second harmonic cyclotron interaction with deuterium, because of the reduced α-particle density at the edge. 
Effects of RF minority heated 3 He
It has been observed at JET that the neutron production rate is significantly higher in second harmonic tritium heating experiments with 1% concentration of 3 He [13] . Simulations are performed using 3 He dielectric tensor contribution from Maxwellian distributions and from RF driven distributions calculated by the FIDO code. The parameters are the same as in section 3 with the antenna frequency ω/2π = 34 MHz and n ϕ = ±16, approximatively corresponding to 0ππ0 phasing of the JET antenna. A Maxwellian distribution with temperature T3 He = 25 keV gives 25% absorption on the 3 He as shown in figure 6 , while using the dielectric tensor from a steady state distribution with 5 MW of coupled heating power, a symmetric antenna spectrum with n φ = ±16 and I = 8 MA the absorption is increased to 62% as shown in figure 7 . The central heating efficiency for this scenario is, because of the increased single pass absorption, dramatically improved in comparison with the scenario without 3 He shown in figure 3 . As a comparison, a calculation using the dielectric tensor from a Maxwellian distribution function with the same mean energy T3 He = 150 keV, but excluding the high energy tail formation, the finite orbit widths and the RF induced spatial diffusion is shown in figure 8 . The absorption is reduced to 52% and the absorption profile is much broader than in figure 7 . The broadening of the power deposition profile is partly explained by that the real distribution of 3 He is anisotropic in T and T ⊥ , and hence, using an isotropic temperature profile results in an unphysically broad power deposition profile. Due to the RF-induced spatial diffusion, the distribution function of the 3 He will be affected [14] . The 3 He particles are driven outward by the RF field, resulting in a decreased central density, and therefore affects the power deposition profile.
The effect of the orbit width is studied by keeping all parameters fixed, including the α-particle contribution, and only modifying the dielectric tensor contribution from the 3 He. The average density of the 3 He is lower in the lower current scenarios due to orbit losses as shown in the middle column in table 2. The integrated density from r = 0 to r = 0.43 m, where the major part of the wave power is absorbed, is shown in the right column in the table. The change in the central density is, due to the finite orbit effects, somewhat larger than the change in the average density. The decrease of the total 3 He absorption with increasing orbit widths, as shown in figure 9 , is consistent with the lower density in the absorption region for the wide orbits.
Conclusions and Discussion
A method has been developed for studying the effects of the finite orbit widths, the high energy tail and the RF induced spatial diffusion in minority RF heating scenarios. However, keeping the power absorbed by minority ions constant, as done in the FIDO code, while losing particles to the wall implies that the particles left in the plasma will absorb more power per particle. In a self-consistent calculation, other species will increase their absorption and the minority ions will reduce their absorption as particles are lost to the wall. This and the fact that the absorption is affected by the velocity distribution implies that self-consistent calculations are required to correctly model RFminority heating. As a first step, this method has been applied to α-particle and 3 He absorption in second harmonic tritium scenarios.
The second harmonic absorption on the α-particles at the edge does not seem to be a problem even when the finite orbit widths effects are included. The orbit losses will result in a very low density at the edge, inhibiting the second harmonic absorption through cyclotron interactions. The α-particle absorption is instead dominated by the fundamental absorption by cyclotron interactions at the high field side of the plasma. The effect of the RF field on the distribution of α-particles is not included, but it may be important, since the α-particle absorption will lead to formation of a high energy tail, increasing the RF absorption further. Adding a small amount of 3 He dramatically improves the central heating efficiency similar to the effect of adding a minority H concentration in a D plasma. Using the dielectric tensor and density from a distribution function with an RF-driven high energy tail is essential for calculating the absorption, since the combination of the high energy tail, the finite orbit widths and the RF induced spatial diffusion not only modifies the amplitude but also the shape of the power deposition profile. Also, the power transfer profiles are more affected by the orbit widths than the power deposition profiles.
